T he ultimate goal of tissue engineering is to restore lost or damaged tissue. Accordingly, the optimization of cell guidance through autologous or artificial tissue scaffolds has long been a topic of great interest. The most prevalent and thus far the most successfully applied off-theshelf "tissue-engineered" products were all originally intended to serve as dermal replacement scaffolds. Although many such products are commercially available, all are acellular and thus share the common requirements of host cell invasion and vascularization to achieve durable incorporation. Because this process is prolonged, requiring a minimum of several weeks for completion and necessitating obligatory dressing changes, wound immobilization, and nursing care, 1, 2 there is significant interest in developing a more thorough understanding of the scaffold parameters that could optimize the rate of cellular invasion. Currently available acellular dermal replacements can be categorized into two broad groups: products derived from decellularized dermis and synthetic products based on naturally derived hydrogels.
Strattice (LifeCell Corp., Branchburg, N.J.) and AlloDerm (LifeCell) belong to the former group and consist of decellularized cadaveric porcine and human dermis, respectively. As a result of the decellularization process, AlloDerm contains an internal network of microchannels with an intact basement membrane that are the remnants of the native dermal microvasculature. 3 It seems logical to hypothesize that a matrix that contains an inherent network of channels with an architecture derived from actual vasculature would promote optimal cell invasion and vascularization.
Integra (Integra LifeSciences, Plainsboro, N.J.), another commonly applied dermal regeneration template, is composed of a synthetic "dermal" porous layer of cross-linked type I bovine collagen and chondroitin-6-sulfate covered by an "epidermal" semipermeable silicone sheet. After implantation, this sheet is replaced with splitthickness autograft once the dermal layer has vascularized. 4 -9 Unlike Strattice and AlloDerm, Integra is representative of products without an internal vascular structure and is instead characterized by its random porosity (mean pore diameter, 30 to 120 m).
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Although these products are commonly used in clinical practice, [11] [12] [13] [14] [15] there have been no studies directly comparing the rate and extent of host cell invasion and vascularization of these scaffolds. As such, we designed a study to rigorously and quantitatively evaluate the relative rates of invasion and vascularization of these different acellular scaffolds in a murine model of graft incorporation.
MATERIALS AND METHODS

In Vivo Murine Model
Sixteen 8-week-old male C57BL/6J mice were used for this study. All animals were provided chow and water ad libitum and maintained in a climate-controlled facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All animal care and experimental procedures were performed in compliance with the Guide for the Care and Use of Laboratory Animals, 16 and this protocol was approved by the Weill Cornell Medical College Institutional Animal Care and Use Committee (protocol no. 0812-801A).
Strattice and Integra
Strattice and Integra were obtained from the Division of Plastic Surgery at Weill Cornell Medical College.
Disk Implantation and Tissue Harvesting
Mice were anesthetized by means of intraperitoneal injection of ketamine (80 mg/kg) and xylazine (6 mg/kg). Four vertical 5-mm incisions were made on the dorsum of each mouse. One 8-mm-diameter disk of either Integra or Strattice was implanted into the subcutaneous layer beneath the panniculus carnosus of each incision. The Integra scaffolds were implanted with the silicone layer facing superficially. Incisions were closed with a continuous 4-0 Vicryl (Ethicon, Inc., Somerville, N.J.) intradermal suture and protected with a clear adhesive dressing. After 3, 7, or 14 days, the mice were killed and the scaffolds were explanted, fixed in 10% buffered formalin, embedded in paraffin, and sectioned.
Histology
Hematoxylin and eosin staining was performed for each implant type. Stained sections were imaged with an inverted microscope using bright-field microscopy to qualitatively determine the extent of cellular invasion.
Immunohistochemical staining was performed for CD31 (platelet endothelial cell adhesion molecule-1) using a rabbit polyclonal anti-CD31/ platelet endothelial cell adhesion molecule-1 antibody (1:50 dilution). ␣-Smooth muscle actin immunohistochemistry was performed using a mouse monoclonal anti-␣-smooth muscle actin antibody (1:50 dilution). Nuclei were stained with 4=,6-diamidino-2-phenylindole for both cell identification and quantification.
Slides were prepared through deparaffinization, rehydration, and antigen-retrieval processing (Dako Target Retrieval; Dako, Glostrup, Denmark). Next, they were incubated for 30 minutes in a blocking solution consisting of 2% bovine serum albumin and 0.5% Triton-X for membrane permeabilization. Additional blocking was performed with the Vector M.O.M. block (Vector Laboratories, Burlingame, Calif.) according to the manufacturer's instructions. The slides were then incubated sequentially for 1 hour each in primary and secondary antibodies (goat antirabbit immunoglobulin G and goat anti-mouse immunoglobulin G, respectively; 1:100 dilution). Fluorescent images were obtained with an inverted fluorescent microscope.
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Exponential Decay Analysis of Cellular Invasion
Photomicrographs of multiple hematoxylin and eosin-stained slides were taken with an upright bright-field microscope at 40ϫ magnification and adjoined using Adobe Photoshop (Adobe Systems, Inc., San Jose, Calif.) to form a complete image of each 5-m-thick section. Scaffold images were divided into four (for Integra) or eight (for Strattice) vertical layers of equal thickness. Strattice was divided into twice the number of layers, as cells are able to invade the scaffold from both below and above, in contrast to Integra, where the cell-impermeable silicone membrane prevents cellular invasion from the more superficial surface. Layers were numbered according to distance from the cell/scaffold interface.
For each section, cell densities were obtained by quantifying the nucleated cells within each layer. Layers were then aggregated to determine an overall cell density gradient for each type of scaffold and time point. For Strattice grafts, only the four deepest layers were included in the analysis (i.e., the four layers immediately superficial to the underlying muscle). Using regression analysis in Microsoft Excel (Microsoft Corp., Redmond, Wash.), exponential decay equations of the following form were extrapolated from these data:
where y represents the nucleated cell count per layer, a is the invasion coefficient reflecting the degree of invasion into the most external scaffold layer (i.e., the scaffold layer in direct contact with host tissue), b represents the rate of decay with respect to the number of cells in each layer, 1 -b is therefore the decay factor, and x corresponds to the layer number (1 through 4). Note that higher values of a correlate with a greater degree of cellular invasion into the first (wound bed-adjacent) layer, and as 1 -b approaches 0, the amount of decay increases. A coefficient of determination (R 2 ) was used to evaluate the quality of the fit.
Quantification of Cell Density Gradient
Cell density graphs representing the density of cellular invasion () as a function of depth within the scaffold (z) were extrapolated from 4=,6-diamidino-2-phenylindole cell counts. Differential mean cell densities through each disk were calculated by counting the total number of nuclei seen on 4=,6-diamidino-2-phenylindole fluorescence images per unit area in the z direction for 15 representative sections of each material.
Cell Frequency Mapping
Cell frequency maps denoting extent of invasion by depth in the z direction ( Fig. 1) were extracted from a combination of 15 fluorescent images (4=,6-diamidino-2-phenylindole), each 200 m wide and 500 m high. For each fluorescent image, a binary image was created using a global threshold generated using Otsu's methods through image-processing algorithms in ImageJ (National Institutes of Health, Bethesda, Md.). Cell nuclei greater than 4 pixels in size were counted and Fig. 1 . Schematic representation of the orthogonal scaffold planes used in cell density gradient quantification and cell frequency mapping. Quantification of cell density gradients is performed parallel to the scaffold/tissue interface, whereas cell frequency analysis occurs in a perpendicular plane.
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RESULTS
Hematoxylin and Eosin and Immunohistochemical Staining
Qualitative analysis based on hematoxylin and eosin staining demonstrated diffuse and extensive cellular infiltration into Integra by day 3. Cellular invasion increased steadily over the remaining 2 weeks to reach the greatest level seen in this study by 14 days. Only isolated invading cells were seen in Strattice, even after 14 days (Fig. 2) .
Staining for ␣-smooth muscle actin (a marker for pericytes) revealed blood vessel formation within Integra grafts by day 14. CD31 staining (an endothelial cell marker) in Integra overlapped with autofluorescence of the extracellular matrix components. However, there was no consistent perivascular CD31 positivity, which suggests that these blood vessels were not fully mature. There was no analogous vascularization in Strattice, as demonstrated by the lack of CD31 or ␣-smooth muscle actin positivity by 14 days (Fig. 3) .
Exponential Decay Analysis
The mean decay equations for Integra and Strattice were y ϭ 76.3(0.59)
x and y ϭ 75.5(0.33) x , respectively (Tables 1 and 2 ). The greater density and depth of invading cells seen within Integra are reflected by the decay equations and their corresponding graphic representations (Fig. 4) : there is a greater number of cells per layer in Integra as compared with Strattice at all time points. The depth and extent of cell invasion into Strattice was symmetrical from above and below (data not shown). Furthermore, Strattice grafts demonstrate a greater decay rate (b) (and therefore a lower decay factor 1 -b) at all time points. This translates into a steeper decline of each decay curve with increasing layer depth, correlating with the decreased penetration of cells into the bulk of the Strattice matrix when compared with Integra.
Cell Density Gradient Analysis
At all time points, when compared with Strattice, Integra demonstrated a greater density and depth of cellular invasion (Fig. 5) . The number of invading cells within Integra decreased slightly from day 3 to day 7 and rebounded to the greatest value seen in this study by day 14. In contrast, the cellular invasion profile of Strattice did not change considerably over the 2-week period.
Cell Frequency Mapping
Cell frequency mapping represents an alternative method of evaluating cellular invasion and depicts cell location within each graft in a plane orthogonal to that used in gradient density analysis. Frequency mapping reveals a greater density and depth of invasion with Integra when compared with Strattice at all time points (Fig. 6) , thereby confirming the results obtained by density gradient analysis.
DISCUSSION
Although primary or even secondary closure of full-thickness tissue defects is optimal, it is frequently not possible because of the magnitude of tissue loss. Additional reconstructive options include split-or full-thickness skin grafting, tissue expansion, random or pedicled flaps, and free tissue transfer. Although technological advances and the evolution of surgical techniques have rendered such measures more effective, these methods continue to suffer from significant limitations. First, if present, the quantity of tissue available for transfer is finite and therefore may be insufficient to cover large wounds. Second, these increasingly complex operations produce obligatory secondary donor-site wounds with their own inherent potential for morbidity, including failure to heal, pain, infection, and scarring. These considerations have led researchers to develop tissue replacement scaffolds (including decellularized dermal products and semisynthetic porous matrices) that can permanently and reproducibly address full-thickness tissue defects without limiting potential reconstructive options in the future. 17, 18 Despite the clear advantages of tissue replacement scaffolds, their use is not without substantial associated cost. For example, the production of decellularized dermal products requires tissue acquisition and harvesting, and decellularization and sterilization processes. 19, 20 Furthermore, use of decellularized products carries at least the theoretical risk of disease transmission. 18 Lastly, standard clinical application of dermal replacement scaffolds necessitates two separate operative procedures (graft application followed by split-thickness skin grafting), with their own obligatory inherent costs.
4,18,21,22
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The fate of tissue regeneration scaffolds has previously been studied in animal models. 1, 2, 11, [23] [24] [25] Fibroblast infiltration into acellular dermal and synthetically derived grafts occurs soon after implantation and is followed by the ingrowth and maturation of vascular structures over approximately a 2-week period in both rodent and leporine subjects.
1,2,25 Furthermore, in the clinical set- Volume 129, Number 1 • Cellular Invasion of Tissue Constructs Plastic and Reconstructive Surgery • January 2012 ting, Integra grafts are typically sufficiently vascularized to support a split-thickness skin graft after 14 days when placed in an ideal wound bed. It is for these reasons that a 14-day endpoint was selected for our study. For example, in a rodent model of graft incorporation, Wong et al. report myofibroblast invasion into AlloDerm grafts after 3 days that increased 8-fold by day 14, and invasion of CD31 ϩ cells after 3 days and the presence of mature endothelial cell-lined vessels by 2 weeks. 2 Baynosa et al. report capillary perfusion as measured by laser Doppler examination and histologic evidence of neovascularization by 2 weeks following Integra placement onto a rodent vascular wound bed. 25 Analogous results are routinely reported in human hosts, particularly in the setting of extensive burn injuries. 4, 12, 21, 22 However, there has not yet been a direct comparison of the rate and extent of cellular and vascular invasion between tissue regeneration scaffolds in the same animal model. Furthermore, these have never been compared using rigorous quantitative methods. Therefore, given two very different scaffolds that seek to achieve the same goal, we sought to directly compare these two products with respect to cellular invasion patterns *These values were used to calculate exponential decay equations in Table 2 . †Numbers 1 through 4 represent layers. Volume 129, Number 1 • Cellular Invasion of Tissue Constructs to identify potential factors that may be used to enhance cellular invasion into future tissue replacement templates.
To accomplish this goal, we used both direct quantification and novel mathematical modeling to characterize cellular invasion. Examination of the invasion exponential decay equations (Fig. 4) reveals two interesting features: first, the invasion coefficient a is greater for Integra than for Strattice across all time points. This corresponds to a higher cell density within the most external scaffold layers. Furthermore, the depth of cellular invasion into Integra is consistently greater. Specifically, the values of b (representing the rate of decay of cellular invasion) at each time point are greater for Strattice than for Integra and represent a decreased penetration of cells from the scaffold/ tissue interface of Strattice grafts inward. These findings were determined by qualitative hematoxylin and eosin and immunohistochemistry assessment of cell invasion (Figs. 2 and 3) , and cell density analyses and frequency mapping (Figs. 5 and 6).
As stated above, cell density distribution within Integra grafts manifested a distinct temporal pattern of invasion: cell numbers were high by day 3, had decreased slightly by day 7, and had rebounded by day 14. This finding is consistent with the known sequence of wound healing events: immunoinflammatory cells predominate initially and, with their regression, give way to fibroblast and vascular proliferation. The presence of ␣-smooth muscle actin-positive vascular structures on immunohistochemical staining of Integra grafts by day 14 further supports this finding. In contrast to Integra grafts, and in contrast to the results seen by Eppley and Wong et al. with AlloDerm, the cellular invasion profile of Strattice was largely unchanged over the 2-week experimental period.
Many factors likely influence the differential rates of cellular and vascular invasion observed in At all time points, Integra demonstrated a greater density and depth of cellular invasion. The number of invading cells within Integra decreased slightly from day 3 to day 7 and rebounded to its greatest value by day 14 as reflected by a decrease and subsequent increase in cell density over this time period. In contrast, the cellular invasion profile of Strattice did not change considerably over the 2-week period.
Plastic and Reconstructive Surgery • January 2012 this study. Integra contains a relatively loose and porous matrix that allows cells to easily migrate through the scaffold. In contrast, decellularized dermis is composed of a highly dense collagen matrix, which appears to impede cellular invasion and thus delays biointegration, 10, 20 despite the fact that it contains many of the original chemical cues inherent in the original extracellular matrix components, including collagen, elastin, and proteoglycans. 2 As such, potential explanations for the failure of Strattice to elicit a robust inflammatory response like Integra include the inability Fig. 6 . Cell frequency maps extracted from 15 to 200 ϫ 500-m 4=,6-diamidino-2-phenylindole fluorescence images denoting extent and depth of cellular invasion at three sequential time points. The R axis lies along the graft/ tissue interface, whereas the Z axis denotes the distance from this interface. Analogous to the results obtained by cell density measurements, a greater cell frequency and depth of invasion is seen with Integra (above) as compared with Strattice (below) at all time points. Likewise, the number of invading cells within Integra decreased slightly from day 3 to day 7 and rebounded to its greatest value by day 14 as reflected by a decrease and subsequent increase in cell frequency over this time period. In contrast, the cellular invasion profile of Strattice did not change considerably over the 2-week period.
Volume 129, Number 1 • Cellular Invasion of Tissue Constructs of immune cells to penetrate the dense Strattice matrix and interact with antigens located within, or the genetic modification of the porcine donors to render them more similar to humans in their antigenic profile. Although the microchannel network native to Strattice grafts ultimately does become repopulated with host cells, this is a prolonged process requiring significantly more time to result in a truly vascularized scaffold than is the case with Integra.
Although this study is the first to directly and simultaneously compare two widely applied, commercially available tissue regeneration templates, it is not without limitations. Our quantitative analyses were based on nucleated cell counts and did not distinguish between specific cell types. In addition, animal models, however appropriate, do not necessarily accurately represent the complex wound-healing milieu of human patients, particularly those with chronic wounds (cellular and vascular invasion may not be equivalent to clinical success). Lastly, our analysis was only carried through 14 days; longer investigations are required to determine the ultimate fate of tissue regeneration scaffolds.
CONCLUSIONS
These data confirm empiric clinical observations that Integra is more rapidly and efficiently vascularized than Strattice when placed in a suitable host bed. Furthermore, the presence of a remnant microvasculature template is not sufficient for effective cellular and vascular ingrowth into an artificial tissue construct. Because of differences in their invasion profiles and tensile strength, Integra is more suitable for dermal reconstruction, whereas Strattice is more appropriate for uses where strength takes precedence over rapid vascularization, such as in abdominal wall or breast reconstruction. These findings provide further insight into means of improving future tissue replacement products to elicit more rapid host cellular invasion and vascular incorporation. 
